Activating mutations in FLT3 in acute myeloid leukemia (AML) portend a poor prognosis, and targeting FLT3 with a tyrosine kinase inhibitor has been an area of intense research recently. Most FLT3 mutated AML patients undergo hematopoietic stem cell transplantation (HSCT) as standard of care but a significant proportion of patients relapse. Although the use of FLT3 inhibitors in the pre-HSCT perspective is more clearly defined, its use in the post-HSCT scenario, when most relapses occur, remains unclear. In this review, we comprehensively present the data on the recent and ongoing studies evaluating the role of various FLT3 inhibitors in AML with a particular focus in the post-HSCT setting.
Introduction
Acute myeloid leukemia (AML) is the most common type of acute leukemia in adults with an incidence of 3 to 4 cases per 100,000 per annum [1] . The prognosis for AML is highly dependent upon the patient's clinical and molecular characteristics, including cytogenetic aberrations, with complete remission (CR) rates ranging from 40-80% [2] .
One of the most common mutations detected in AML and represents a promising target for therapy, is the "FMS"-like tyrosine kinase 3 (FLT3) [3, 4] . FLT3 belongs to the class III tyrosine kinase receptor family and plays a key role in early hematopoietic development. FLT3 regulates the growth and differentiation of CD34+ hematopoietic cells via multiple signaling pathways, including PI3 kinase-Akt, Ras-MAPK and STAT5a, and dysregulation of these pathways leads to increased proliferation and decreased apoptosis [3, 5, 6] .
Activating mutations in FLT3 are present in about 30% of newly diagnosed AML patients, with the internal tandem duplications (ITD) within the juxtamembrane domain of FLT3 being the most common type, representing about 20-30% of newly diagnosed patients with AML. Activating mutations in the FLT3 tyrosine kinase domain (TKD), particularly at the activation loop residue D835 (FLT3-D835), are found in about 7% of newly diagnosed AML, and has been associated with increased clinical resistance to certain FLT3 inhibitors and contribute to disease relapse with tyrosine kinase inhibitor (TKI) therapy [3, 7, 8] . Furthermore, the detection of FLT3 mutation in AML portends a poor prognosis, with lower rates of CR, shorter disease free survival (DFS), and shorter event free survival (EFS) compared to patients with wild type FLT3 (FLT3-WT) [7] .
To date, more than 20 different small molecule TKIs of FLT3 have been reported in literature and many have advanced to phase 2 and 3 clinical trials. A number of them have also shown promising results in clinical trials involving patients with FLT3-ITD+ AML [3, 9] . Midostaurin, an orally bioavailable multikinase inhibitor with activity against FLT3, is among the most studied [10] [11] [12] [13] . Recently, Stone et al. demonstrated a significant improvement in overall survival (OS) in newly diagnosed FLT3+ AML by adding Midostaurin to standard chemotherapy and this triggered the approval of Midostaurin by U.S. Food and Drug Administration (FDA) for treatment of untreated AML in induction and consolidation phase [14] .
Allogeneic hematopoietic stem cell transplant (alloHSCT) is often recommended for patients with FLT3-ITD+ AML due to poor prognosis but the presence of FLT3-ITD also portends a poor post-transplant outcome [15] . As an attempt improve post-transplant outcomes and reduce rates of relapse, clinicians include various tyrosine kinase inhibitors (TKIs) that block the constitutively active FLT3 to the pre-transplant treatment regimens [9] . However, it currently remains unclear whether FLT3 inhibitors in the post-alloHSCT setting would also improve outcomes in patients with FLT3 mutations. Here, we provide an overview of the current clinical data on FLT+ AML and the role of FLT3 targeted treatment with a focus on the post-transplant setting.
Outcomes of post-transplant patients with FLT3 mutations
Patients with FLT3-ITD AML tend to have a poor outcome despite hematopoietic stem cell transplant (HSCT) with higher rates of relapse. Through a retrospective study of 171 patients who had undergone FLT3-ITD testing, Song et al. 2016 reported a higher incidence of relapse (HR 3.63; p < 0.001) at 3-year follow-up with nearly twice the relapse rate (FLT3+ 63% vs. FLT3− 37%, p < 0.001), and a shorter DFS (HR 2.05; p < 0.01), which translated to a decreased OS (HR 1.92; p < 0.05) in patients with FLT3-ITD compared to FLT3-WT [16] .
Many investigators have noticed that HSCT, both alloHSCT and autologous hematopoietic stem cell transplant (autoHSCT) compensate for the negative prognostic effect of FLT3-ITD on OS. In a retrospective analysis of 376 patients (31.5% FLT3-ITD) with intermediate-risk AML treated with two cycles of high dose cytarabine (HiDAC) for induction therapy, 103 patients underwent alloHSCT with a matched sibling donor, 141 patients underwent alloHSCT with a matched unrelated donor (if there was no matched sibling donor) and 132 patients underwent conventional consolidation chemotherapy with two cycles of HiDAC (patients with failure to identify successful donor). Investigators found that FLT3-ITD patients receiving conventional chemotherapy for consolidation therapy had a significantly inferior probability of survival (FLT3-ITD 21% vs. FLT3-WT 46%; hazard ratio [HR] = 2.2; p = 0,001) and significantly higher probability of relapse (FLT3-ITD 94% vs. FLT3-WT 59%; HR = 4.0; p < 0.001) when compared to their FLT3-WT counterparts, confirming the poor prognostic indicator for patients with FLT3-ITD AML. However, when FLT3-ITD patients were compared to FLT3-WT patients after having undergone autoHSCT or alloHSCT, there was no longer a significant difference in OS. The authors suggested until alternative strategies are introduced, autoHSCT or alloHSCT seem to be warranted to negate the poor prognostic impact of FLT3-ITD mutation [17] . Similar conclusions that autoHSCT and alloHSCT may overcome the poor prognostic implications of FLT3-ITD mutation, has been confirmed by multiple other retrospective studies as well [18] [19] [20] .
Overview of FLT3 inhibitors
Although alloHSCT is recommended in FLT3-ITD AML due to its association with poor prognosis, the prognosis remains poor with high rate of early relapse and up to 50% of deaths post HSCT from primary disease relapse [21] . Therapeutic options for patients who relapse postalloHSCT is limited, so many researchers are looking into strategies to prevent post-transplant relapse with FLT3 inhibitors as maintenance therapy [22] .
The first generation FLT3 inhibitors, including Sorafenib (BAY43-9006), Midostaurin (PKC412) and Lestaurtinib (CEP-701), are relatively nonspecific for FLT3 [23] . They were initially designed to target other receptor tyrosine kinases (RTK) such as KIT, platelet-derived growth factor receptor (PDGFR), vascular endothelial growth factor (VEGF), and Janus kinase 2 (JAK2), but have been found to have activity against FLT3 [24] .
Sorafenib is a first generation, orally bioavailable multikinase inhibitor that has been FDA approved for hepatocellular, thyroid and renal cell carcinomas. It has been shown to have activity against several RTKs such as FLT3, VEGF, PDGFR, and Raf family kinases, and has been studied in multiple clinical trials for FLT3+ AML. Sorafenib monotherapy produced reduction in peripheral blood and bone marrow blasts in relapsed and refractory (r/r) AML with FLT3-ITD, but not FLT3-WT, and CRs were rare [25, 26, 62, 68] . In a phase 2 study with 37 patients with FLT3+ (93% FLT3-ITD), relapsed or refractory AML, the combination of Sorafenib with the hypomethylating agent, 5-azacitidine, produced an overall response rate (ORR) of 46% with CR in 16%, complete remission with incomplete count recovery (CRi) in 27%, and partial remission (PR) in 3% of patients. However, the responses were not durable, lasting only a median of ∼2.3 months [26] . When combined with standard chemotherapy, Sorafenib was not shown to have a significant improvement in event free survival (EFS) or OS and had lower CR rates with higher toxicity in older patients (≥60 years) [27] . In younger patients (< 60 years), however, Sorafenib was found to have improved EFS and relapse free survival (RFS). A CR rate as high as 100% including patients with CR with incomplete platelet recovery (CRp) have been reported but relapse rates were also high without durable responses. The most common side effects seen with Sorafenib therapy were grade 3/4 cytopenias, infection, skin toxicity and GI upset [28] [29] [30] .
Midostaurin is also an orally bioavailable multikinase inhibitor with activity against FLT3, VEGF, PDGFR and c-KIT [31] . As monotherapy, Midostaurin had high response rates of up to 70% in patients with FLT3+ AML, but a poor rate of CR (0-5%) was seen [3, 11, 12] . In combination with hypomethylating agents for adult patients with r/r AML, the CR rates including CRi were also low, ranging from 2 to 25% [32, 33] . However, in combination with cytotoxic chemotherapy, the CR rate was as high as 92% in newly diagnosed and 50% in r/r FLT3+ AML patients [13, 34] . In a multicenter, international, phase III, placebo-controlled randomized controlled trial (RCT) (RATIFY trial), Stone et al. 2017 looked at 717 patients (aged 18-59 years) with FLT3+ AML who had received Midostaurin or placebo with induction and consolidation chemotherapy and those who were in remission after consolidation received either Midostaurin (n = 360) or placebo (n = 357) as maintenance therapy. They found that there was no difference in CR between the two arms (Midostaurin 59% vs. placebo 54%; p = 0.15) but the median OS was significantly superior in Midostaurin arm (Midostaurin 74.7 mo vs. placebo 25.6 mo; p = 0.009) and the median event-free survival was also significant superior in the Midostaurin arm (Midostaurin 8.2 mo vs. placebo 3.0 mo; p = 0.002) [14] . On April 28, 2017, the FDA approved Midostaurin for the treatment of adult patients with newly diagnosed FLT3+ AML in combination with chemotherapy. The most common adverse events included GI upset and increased risk of infections.
Lestaurtinib is an orally bioavailable, multikinase inhibitor with activity against FLT3, JAK2 and tropomyosin receptor kinase (Trk) A, TrkB and TrkC. Lestaurtinib was one of the earliest TKI studied and has been investigated in multiple clinical trials as monotherapy, especially in older patients unsuitable for intensive chemotherapy, and in combination with chemotherapy. However, studies did not show promising results. As monotherapy, Knapper et al. looked at 29 older patients with untreated AML irrespective of FLT3 status, who were considered not fit for intensive chemotherapy, in a multicenter, open-label, prospective, phase 2 clinical trial [35] . 6.9% of the patients had FLT3-ITD mutations, 10.3% had FLT3-TKD mutations and the rest were FLT3-WT. Response was evaluable in 27 patients and clinical response was evident in 30% of patients, including hematologic response (HR) and bone marrow response (BMR), defined as reduction of more than 50% bone marrow blasts), but no patients achieved complete remission (CR) or partial remission (PR). 60% of patients harboring FLT3 mutations had a response compared to 23% of FLT3-WT patients, but the difference in response rates did not meet statistical significance. The investigators then looked at the addition of Lestaurtinib to first-line chemotherapy in 500 patients with FLT3+ AML in a multicenter, open-label, prospective, phase 3 RCT [36] . However, Lestaurtinib failed to meet its primary endpoints and no significant differences were seen in either 5-year OS (Lestaurtinib 46% vs. control 45%; hazard ratio, 0.9; p = 0.3) or 5-year relapse free survival (Lestaurtinib 40% vs. control 36%; hazard ratio, 0.88; p = 0.3). Investigators hypothesized that the lack of response with Lestaurtinib was related to its complex pharmacokinetics, making it difficult to maintain at a biologically effective level [23] . 
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Because the initial studies for the first generation FLT3 inhibitors were not impressive and were not specifically designed to target FLT3, second-generation FLT3 inhibitors, such as Quizartinib (AC220), Gilteritinib (ASP2215) and Crenolanib (CP-868596) were created as more selective and thus potent inhibitors targeted against FLT3.
Quizartinib is currently the most specific TKI for FLT3 in investigation and also has activity against PDGFR, KIT, and colony-stimulating factor 1 receptor (CSF1R). As monotherapy, Quizartinib has shown promising results with CRc (CR + CRi + CRp) rates ranging from 23 to 54% in patients with R/R, FLT3-ITD AML in multiple phase I and phase II clinical trials [37, 38] . Researchers also showed that about 35% of FLT3+ AML patients treated with Quizartinib was able to proceed to alloHSCT, many of whom had previously been refractory to other treatments [37, 38] . In a phase I/II safety/efficacy trial, 26 patients with FLT3-ITD AML were given Quizartinib in combination with azacitidine (n = 18) or with low dose cytarabine (n = 8). The results were promising with 82% of patients responding to treatment and 27% in CRc [39] . Quizartinib was generally well tolerated with most common side effects being nausea, diarrhea, neutropenia and leukopenia
Gilteritinib is a selective inhibitor of FLT3 and AXL that has shown activity in FLT3+ AML. A phase I/II dose escalation trial looked at Gilteritinib as monotherapy in 182 patients with FLT3+ r/r AML. Investigators found that Gilteritinib had an ORR of 55% with a higher ORR of 60% in patients with FLT3-ITD+ AML, and a median OS of 29weeks. Gilteritinib was generally well tolerated and the main side effects were diarrhea, fatigue, increased AST, and QT prolongation [40] .
Crenolanib is a TKI with activity against PDGFR and both FLT3-ITD and FLT3-TKD and is currently under investigation in phase II and III clinical trials for patients with FLT3+ AML. Collins et al. showed clinical activity of Crenolanib in 19 patients with r/r AML, including to other TKIs and alloHSCT [41] . 1/19 patient achieved rapid molecular response and clinical CR with full count recover. Moreover, 2/19 patients achieved CRi, 4 patients PR and 4 patients bridged to transplant. Most common adverse events included GI upset and transaminitis.
FLT3-targeted treatment in Post-transplant patients
Despite recent advances in treatment, the incidence of relapse after alloHSCT is around 30-40% at 3 years with 40-50% of deaths posttransplant due to primary disease relapse [21] . Available therapies for relapse post-transplant are limited and investigators are looking into new strategies to prevent relapse [22] and for salvage therapy after relapse.
The use of donor lymphocyte infusion (DLI) was one of the earliest reported method to induce a graft vs. leukemia effect to achieve CR in patients who relapsed post alloHSCT. The response rate is as high as 40% in patients with ALL [42] but with a high rate of fatal graft vs. host disease. Another strategy for patients who are on immune suppression is tapering the immune suppression to induce a graft vs. leukemia response. Kekre et al. found that 34 out of 123 patients responded to only the tapering of immunosuppressant's medicaitons in a median of 82 days, but 97.1% developed or had progression of their acute or chronic graft vs. host disease as a consequence [43] . The median OS for responders was 5.1 years but 6 patients subsequently relapsed at a median time of 2 years. Use of hypomethylating agents is another commonly studied approach. 5-Azacitidine [44] was generally well tolerated in the post transplant setting and had a 2 year OS of 12.4%. It has been shown to significantly increase the number of T regulatory cells and thus augmenting a graft vs. leukemia effect without increasing graft vs. host disease [45] . Several other new strategies, including the deacetylase inhibitor, panobinostat [46] , the use of donor-derived NK cells [47, 48] and the use of immunotherapy such as Nivolumab [49, 50] and Ipilumimab [51] , are currently under development to prevent relapse and as salvage therapy. Table 2 Ongoing trials. Primary: relapse-free survival Secondary: toxicity, OS, NRM, EFS at 12 and 24 mos, cumulative incidence of acute GvHD and cumulative incidence of chronic [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] In patients with FLT3+ AML, TKIs are currently under investigation in the post transplant setting to prevent relapse. Table 1 summarizes the  various published clinical trials and Table 2 summarizes the current, ongoing clinical trials for FLT3-targeted treatment in post-transplant patients.
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Sorafenib, the TKI most studied through multiple retrospective and early clinical trials, has shown promising results for patients with FLT3-AML in the post-transplant setting. As maintenance therapy, Sorafenib was well-tolerated and showed sustained complete remissions and lower incidence of relapse in both the adult and pediatric population. Battipaglia et al. introduced Sorafenib as maintenance therapy post alloHSCT and found a 1-year OS 92% ± 6% and 1 year PFS 92% ± 5% with 93% of patients in CR at a median follow up of 18 months [52] . When Brunner et al. 2016 compared adult FLT3 mutated patients who had received Sorafenib as maintenance therapy post alloHSCT to patients who had not, they found a significant improvement in 2-year OS and PFS (OS HR for death 0.264, p = 0.021, and PFS HR 0.25, p = 0.016) [53] . They also noticed a significantly lower 2-year cumulative incidence of relapse in patients who had received Sorafenib as maintenance therapy (8.2% vs. 37.7%, p = 0.0077). Metzelder et al. showed that Sorafenib was even able to have a sustained response as rescue therapy in FLT3 mutated patients who had relapsed post alloHSCT with 21% patients still alive and 83% of those patients in CR at a median follow up of 7.5 years. Sorafenib was generally well tolerated and most common grade 3/4 adverse effects included skin, GI, infections and cytopenias [54] . Tarlock et al., through a retrospective study of 15 patients (≤21 years), confirmed the efficacy of Sorafenib as relapse prophylaxis and as salvage therapy at time of relapse, in the pediatric population [55] . Several other smaller, retrospective, prospective and case studies also support the use of Sorafenib as posttransplant maintenance therapy and as salvage therapy in relapsed or refractory FLT3-ITD+ AML.
The early promising data inspired larger clinical trials for Sorafenib in the post-transplant setting. A Phase II/III trial (NCT02474290) is currently underway, investigating the use of Sorafenib maintenance as relapse prophylaxis after alloHSCT in patients with FLT3-ITD+ AML. The endpoints for this trial include the incidence of relapse, OS, leukemia free survival and toxicity. The trial is expected to complete in late 2018. Sorafenib is also currently studied as a part of bulsufan/ fludarabine conditioning regimen for patients with relapsed/refractory FLT3-ITD + AML undergoing alloHSCT in a phase I/II clinical trial (NCT03247088). Patients are expected to receive Sorafenib between D-24 through D-5 prior to alloHSCT and continue Sorafenib as maintenance therapy starting between D + 30 to D + 120 after alloHSCT for up to 1-year. The trial will look at the maximum tolerated dose of Sorafenib with bulsufan/fludarabine conditioning and efficacy of Sorafenib as its primary endpoint, as well as toxicity, OS, non-relapse mortality and neutrophil engraftment.
Midostaurin is another TKI that is currently under investigation in the post-transplant setting. Schlenk et al. [59] (NCT01477606) treated 40 patients with newly diagnosed FLT3-ITD AML with Midostaurin during the induction, consolidation and for 1-year as maintenance therapy post alloHSCT. They noted a low incidence of relapse in patients with both high and low FLT3-ITD mutant to wild type (WT) ratio (5% and 12%, respectively), suggesting Midostaurin is an effective maintenance therapy post-transplant, particularly in patients with high FLT3-ITD mutant to WT ratio.
The ongoing, phase 2 RADIUS trial (NCT01883362) is comparing patients with FLT3-ITD+ AML who underwent alloHSCT who received standard of care chemotherapy with or without Midostaurin for up to 1-year in the post-transplant setting. The trial's endpoints include relapse free survival, DFS and OS. Preliminary safety data from the RADIUS trial showed that Midostaurin was generally well tolerated compared to standard of care with only higher rates of grade 1/2 GI upset in the Midostaurin arm [60] .
Quizartinib is also currently studied in the post-transplant setting. Gilteritinib has limited published data on its efficacy in the posttransplant setting but multiple clinical trials are currently in progress. In a phase III, double-blind, placebo-controlled clinical trial (NCT02997202) looking at Gilteritinib in the post-transplant setting, patients with FLT3-ITD+ AML in CR1 undergoing alloHSCT will be randomized to receive Gilteritinib or placebo after alloHSCT for up to 2-years. Relapse free survival, OS, non-relapse mortality, and incidence of GvHD will be examined. Two phase III, multicenter studies are also underway (NCT02421939 and NCT02400255), investigating Gilteritinib vs. standard salvage chemotherapy in patients with relapsed and refractory, including to alloHSCT, FLT3-ITD+ AML.
Finally, Crenolanib also has multiple clinical trials ongoing evaluating its use in the post-transplant setting. Through a phase II study (NCT02400255), investigators will give Crenolanib between D + 30 and D + 90 after alloHSCT in patients with FLT3-ITD+ AML, for up to 728 days and look at PFS, OS, disease free survival and rates of GvHD. In patients with r/r FLT3-ITD+ AML, including after alloHSCT, Crenolanib is under investigation in a dose-finding phase I followed by a randomized, double blind, placebo-controlled phase III clinical trial (NCT02298166). Patients are randomized to standard induction, consolidation and maintenance chemotherapy with Crenolanib or placebo and endpoints include EFS, OS, CR rates, cumulative incidence of relapse and death, and toxicity.
Drug resistance of FLT3 inhibitors
Despite new advances in therapy and improvements in survival for patients with FLT3+ AML, the overall outcomes are still poor and patients are at a high risk of relapse even after alloHSCT. The use of FLT3 TKIs has shown promising data in the prevention of relapse in the post-transplant setting but for many patients, the effect is only transient.
Multiple mechanisms have been proposed for the temporary responses to current FLT3 TKIs. Williams et al. [33] described new mutations in the FLT3-ITD domain, including F621L, A627P and Y842C mutations, which result in ineffective inhibition by certain TKIs of FLT3 autophosphorylation and signaling through MAPK, STAT5 and Akt signaling pathways [33] . Clinical and preclinical trials suggest that FLT3-TKD mutations on the D835 residue confer inherent resistance to certain FLT3 inhibitors such as Quizartinib and Sorafenib. Breitenbuecher et al. proposed that the upregulating the anti-apoptotic protein myeloid cell leukemia 1 (MCL-1) seen in patients with FLT3-ITD627E mutations, as a mechanism of resistance [56] . Many trials have also described resistant secondary mutations arise during the treatment course. For example, Alvarado et al. 2011 saw that 21% of patients progressed from a single FLT3-ITD mutation to combined FLT3-ITD and D835/I836 mutations on the TKD domain after the treatment with various TKIs [57] . Man et al. also noticed that the emergence of a new D835Y/H mutation in the TKD domain in 67% of patients treated with Sorafenib who had lost response to Sorafenib, suggesting the loss of response was from the secondary mutations [58] . The identification of FLT3 resistant mutations is still at an early phase and more research is needed to optimize therapy. These data suggest that combinations therapies that include FLT3 inhibitor along with another agent targeting resistance-conferring mechanisms may need to be explored.
Conclusion
Emerging data suggests that FLT3 TKIs may be effective as both maintenance therapy to prevent relapse and salvage therapy at time of relapse in the post-transplant setting, and is generally well-tolerated, for the treatment of FLT3-ITD+ AML. Multiple prospective, randomized, placebo-controlled clinical trials are currently underway and data from those trials will be crucial to further evaluate the clinical benefits of TKIs post-HSCT and incorporate their user into the standard of care. Further trials are also needed to investigate the mechanism of resistance to certain TKI therapies in order to improve results of therapy. Future goals and considerations include the development of more potent and/or specific FLT3 inhibitors and the incorporation of TKI therapy as post-transplant maintenance therapy as monotherapy or in combination with hypomethylating agents or other molecules.
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